Abstract This study examined the local structural properties of Pt nanoparticles on SiO 2 , TiO 2 -SiO 2 , and ZrO 2 -SiO 2 supports to better understand the impact of oxide-support type on the performance of Pt-based catalysts. In situ X-ray absorption fine structure (XAFS) measurements were taken for the Pt L 3 -edge in a temperature range from 300 to 700 K in He, H 2 , and O 2 gas environments. The XAFS measurements demonstrated that Pt atoms were highly dispersed on TiO 2 -SiO 2 and ZrO 2 -SiO 2 forming pancake-shaped nanoparticles, whereas Pt atoms formed larger particles of hemispherical shapes on SiO 2 supports. Contrary to the SiO 2 case, the coordination numbers for Pt, Ti, and Zr around Pt atoms on the TiO 2 -SiO 2 and ZrO 2 -SiO 2 supports were nearly constant from 300 to 700 K under the different gas environments.
Introduction
The strong metal-support interaction (SMSI) of catalysts plays an important role in the dispersion and catalytic reactivity of metal atoms and has therefore attracted considerable attention from academia and industry [1] [2] [3] [4] [5] . For practical applications, the SMSI is an important property which affects the catalyst stability, particularly at harsh working conditions of high-temperature and chemical gas environments. Even though the SMSI can enhance catalyst stability, it can also cause local structural changes that can decrease catalyst reactivity [4] [5] [6] [7] . A wide variety of experiments have been performed on different metal-oxide supports, including TiO x , CeO x , VO x , SnO x , and AlO x to assess if and how these oxides can improve the stability of noble metal catalysts, including Pt, Au, Ag, and Pd [8] [9] [10] [11] . Platinum is commonly used as catalysts for industrial applications as well as for academic research [1] [2] [3] [4] [5] [6] 12] . Previous studies have demonstrated that Pt is highly dispersed on TiO 2 supports because Pt electrons in unfilled shells bond with the electrons in the Ti 3d shells [1, 4] . The high dispersion of the Pt particles reduces the catalyst cost. The Ti 4? ions in TiO 2 surface were observed to become Ti 3? , resulting in TiO x when Pt/TiO 2 was reduced [1, 13] . Furthermore, at high temperatures, the Ti ions moved and surrounded the Pt atoms, greatly degrading the catalytic activity of the Pt nanoparticles [4] [5] [6] [7] .
The influence of SMSI on the structure and chemisorption of Pt catalysts has been previously investigated using several different techniques, including field-emission transmission electron microscopy (FE-TEM) [1, 5-7, 10, 12] , X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) [12, 14, 15] . XRD is a canonical tool that can determine the crystalline structure of the material. However, it cannot detect the chemical and the structural properties of nanoparticles or amorphous materials because nanoparticles have insufficient scattering sources. FE-TEM and FTIR have limitations with respect to distinguishing atomic species and their chemical property changes in redox processes. XPS is a suitable tool that can determine the changes in the surface properties of chemicals, but it cannot directly describe the local structural changes. Insitu X-ray absorption fine structure (XAFS) measurements are therefore widely used to understand the redox processes of catalysts because this tool can detect the local structural and chemical properties of a selected species [12, 16, 17] . In addition, in situ XAFS can be easily applied in extreme experimental conditions, such as for a wide range of temperatures, under various gas environments, and even in solution.
In this work, we performed in situ XAFS measurements to quantitatively determine the local structure of TiO 2 -SiO 2 and ZrO 2 -TiO 2 during Pt redox processes under H 2 and O 2 gas environments over a temperature range of 300-700 K. Silica (SiO 2 ) is widely used as a support for Pt nanoparticles due to its high surface area and chemical inertness. However, Pt does not disperse well on SiO 2 and agglomerates at high temperatures due to the insufficient bond strength between Pt and SiO 2 , relative to the Pt-Pt bond strength [18] . Kim et al. reported a dramatic improvement in the dispersion, stability and catalytic efficiency of Pt when using titania (TiO 2 )-or zircornia (ZrO 2 )-incorporated SiO 2 as a support instead of bare SiO 2 [12, 19] . The precise determination of the local structural properties during Pt redox processes is critical for understanding the observed performance enhancement with TiO 2 or ZrO 2 incorporation onto SiO 2 surface. The in situ XAFS measurements at the Pt L 3 -edge can be used to quantitatively determine the local structural properties of O, Pt, and the metals (in this case Ti and Zr) around a Pt atom during reduction and oxidation. For example, strongly bonded Pt-Ti and Pt-Zr pairs in Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 are direct evidence of SMSI.
Experimental Details
Pt nanoparticles were deposited on titania-incorporated silica (TiO 2 -SiO 2 ) and zirconia-incorporated silica (ZrO 2 -SiO 2 ) using a sol-gel method. 3 ] 2 ) was impregnated on pure silica, TiO 2 -SiO 2 , and ZrO 2 -SiO 2 by using an incipient wetness method to finally obtain Pt/SiO 2 , Pt/TiO 2 -SiO 2 , and Pt/ZrO 2 -SiO 2 , respectively. More details about the catalyst synthesis can be found elsewhere [12] .
The in situ XAFS measurements were taken for the Pt L 3 -edge (11564 eV) with a transmission mode at a temperature range of 300-700 K under He, H 2 , and O 2 environments. The XAFS measurements were made using the 9BM beamline of the Advanced Photon Source (APS) at the Argonne National Laboratory (Chicago, USA) and the 8C and 10C beamlines of the Pohang Light Source (PLS; Pohang, Korea). The incident X-ray energy was selected using a three-quarter tuned Si(111) monochromator, and the temperature-dependent in situ XAFS measurements were performed with the as-prepared Pt catalysts that were heated from 300 to 700 K, and subsequently cooled to 300 K (notating as 300 c K) in a hot cell with a He or H 2 gas flow, as schematically shown in Fig. 1a . In addition, to understand the oxidation that the Pt nanoparticles underwent, the catalysts were first heated up to 700 K in H 2 then the gas flow was switched to O 2 at 700 K. As the temperature decreased from 700 to 300 K in the O 2 environment, the XAFS data were captured from the Pt nanoparticles, as shown in Fig. 1b . The full XAFS spectra were measured at 300 and 700 K whereas for the intermediate temperatures, only X-ray absorption near edge structure (XANES) spectra were taken to identify the changes in the temperature-dependent local structural properties, as shown in the schematic of Fig. 1 . It took 3 min for XANES and 20 min for the full XAFS spectrum, respectively to cover the temperature-programmed redox process. At the 9BM of APS, the temperature-programmed XANES during increasing temperature and one full XAFS scan at each temperature of 300, 700, and 300 c were taken. Three full XAFS scans at each temperature of 300, 700, and 300 c were taken at the 8C and 10C of PLS to eliminate unexpected errors. We confirmed that the full XAFS scan taken at APS was identical to those measured at PLS under the same condition. The thickness of the powder specimens was controlled to have a 0.3-1.0 absorption length at the Pt L 3 absorption edge in order to obtain the optimum XAFS spectra.
Results and Discussion
The changes in the local structural and chemisorption properties of the Pt atoms in the Pt/SiO 2 , Pt/TiO 2 -SiO 2 , and Pt/ZrO 2 -SiO 2 powders were examined from room temperature to 700 K because this range represents typical diesel exhaust temperatures [20] . XANES, particularly, the whiteline just above the absorption edge, is sensitive to the oxidation of an X-ray absorbing atom [21] . The Pt L 3 -edge XANES is related to the 2p 3/2 -5d transition of the electrons in a Pt atom. Since there are 4 electron states in the 2p 3/2 state, an L 3 XANES is more sensitive to oxidation of a probing atom than the K-or other L-edge XANES. Figures 2a-c show the temperature-dependent XANES spectra measured for the Pt/SiO 2 powder under different gas conditions. The Pt nanoparticles initially in oxidized states are gradually reduced in He as temperature increases (Fig. 2a) whereas Pt nanoparticles are immediately reduced in H 2 even at room temperature (Fig. 2b ). This result is quite similar to previous observation of Pt nanoparticles [21] . At 700 K, the XANES of the Pt nanoparticles becomes similar to that of the Pt foil, as shown in Fig. 2a, b . The XANES measured in the O 2 gas is nearly independent of its temperature, as shown in Fig. 2c .
The change in the oxygen coordination number can be quantified by analyzing the whiteline of the XANES spectra. The whiteline is fitted using two different models that follow an arctangent and a linear-combination, which The arctangent model analysis can show the quantitative change of the whiteline, however, it cannot provide the exact coordination number of oxygen. We employed the linear-combination model to obtain quantitative oxygen coordination changes from XANES spectra taken at different temperatures and in different gas environments. The linear-combination model is represented as l T = (1 -x)l Pt foil ? (x)l Pt/TiO2-SiO2 , where l T is the total XANES, l Pt foil is the Pt foil XANES, and l Pt/TiO2-SiO2 is the XANES of the Pt/TiO 2 -SiO 2 powder. No oxygen coordination around the Pt atom is observed from the Pt foil whereas an oxygen coordination number approximately equal to 5 is obtained from the Pt nanoparticles on the TiO 2 -SiO 2 supports, as determined via extended-XAFS (EXAFS). The EXAFS analysis is discussed later. Figure 3 shows that the two models fit well to the XANES spectrum from Pt/SiO 2 powder at 300 K in the He gas environment. The temperature-dependent XANES spectra in a He gas shown in Fig. 2a were analyzed with the two models. The whiteline areas and the oxygen coordination numbers as a function of temperature are presented in red-inverted triangles and black dots, respectively, in Fig. 2d . The tendencies of the whiteline area and the oxygen coordination number determined by two different models are nearly identical. We used the Fig. 2 Temperature-dependent XANES spectra of a Pt/SiO 2 powder near the Pt L 3 edge a in He from 300 to 700 K, b in H 2 from 300 to 700 K, c in O 2 during cooling after heated to 700 K in H 2 . The coordination numbers of oxygen atoms around a Pt atom determined by a linear-combination model fit described in the text and the area of whitelines in a are summarized in d linear-combination model in the analysis of the other XANES spectra to obtain the quantitative oxygen coordination number of a Pt atom. The XANES results of Pt/SiO 2 show that the Pt atoms initially have an average oxygen coordination number of *1.35, and this number is gradually reduced in He, as the temperature increases. On the other hand, Pt nanoparticles are immediately reduced to nearly zero in H 2 and have almost no oxygen bonds above 400 K. When the oxygen flows into the cell at 700 K after the Pt nanoparticles are completely reduced, the Pt nanoparticles are then immediately oxidized and maintain the same oxygen coordination number during cooling to room temperature (300 c K). Previous studies have shown that Pt particles are sintered on SiO 2 supports after high-temperature reduction but are dispersed well with a particle size of *1 nm on TiO 2 -SiO 2 or ZrO 2 -SiO 2 supports [1, 12, 19] . Figure 4a -c present the XANES spectra obtained from the Pt nanoparticles on TiO 2 -SiO 2 supports under three different gases, He, O 2 , and H 2 . The XANES spectra from the Pt/TiO 2 -SiO 2 supports are quite different from those of the Pt/SiO 2 .The XANES results for Pt/TiO 2 -SiO 2 indicate in fact that the Pt atom in the Pt nanoparticles has an initial oxygen coordination number of five and starts to be reduced at 520 K in He. In H 2 , the oxygen coordination number becomes *2.3 even at room temperature, and approaches zero at 700 K. When an oxygen gas flows into the cell at 700 K, the Pt nanoparticles immediately have an oxygen coordination number of *2.8, and they keep this value when cooled to room temperature, as shown in Fig. 4d . Figure 5a -c show the XANES spectra at the Pt L 3 edge of the Pt nanoparticles on ZrO 2 -SiO 2 supports under different gas environments. The XANES spectra for He, H 2 , and O 2 gases are quite similar to those observed for the Pt/ TiO 2 -SiO 2 supports. A whiteline analysis of the Pt nanoparticles on the ZrO 2 -SiO 2 supports demonstrates that for He gas, the oxygen coordination number is constant up to 500 K and decreases gradually to *2 at 700 K, as shown in Fig. 5d . When H 2 flows into the cell, the oxygen coordination number immediately drops to *3.2 at room temperature then gradually decreases to zero as the temperature increases. As O 2 gas flows into the cell at 700 K, completely-reduced Pt nanoparticles immediately bond with oxygen atoms with an oxygen coordination number of *2. The oxygen coordination number of the Pt nanoparticles in O 2 does not change much as the temperature decreases to room temperature. The XANES results demonstrate that the redox of Pt nanoparticles on ZrO 2 -SiO 2 is quite similar to that of Pt nanoparticles on TiO 2 -SiO 2 but different from that on Pt/SiO 2 . The local structural properties of the Pt atoms in the nanoparticles can be quantitatively described through EX-AFS [22] [23] [24] . The EXAFS data were extracted from full XAFS spectra that were measured only at temperatures of 300, 700, and 300 c K, as shown in Fig. 6 . The EXAFS data were analyzed using the IFEFFIT software [25] under a standard procedure [24, 26] . After the atomic background was determined using the AUTOBK code (a part of IF-EFFIT), EXAFS was determined as a function of photoelectron wave number, k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where m is the electron mass, E is the incident X-ray energy, and E 0 is the absorption edge energy. Figure 6 shows EXAFS data(kv) taken from Pt nanoparticles on different supports at various conditions. EXAFS from Pt nanoparticles/SiO 2 presented oscillatory signals up to the high-k region, whereas EXAFS signals from Pt nanoparticles on TiO 2 -SiO 2 and ZrO 2 -SiO 2 supports diminished significantly beyond k value of 7-8 Å -1 . The EXAFS from Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 showed small periodic wrinkles in high-k regions. The wrinkles were mainly due to a systematic error from the XAFS instrument and removed in the EXAFS data analysis in r-space by the RBKG card of the AUTOBK code (part of IFEFFIT). EXAFS signals in rspace below 1.0 Å was intentionally suppressed by the RBKG card because a bond length of atomic pairs could not be smaller than 1.0 Å . v(k) data in the region of k = 2.5-11 Å -1 were Fourier transformed into r-space for further analysis. Figure 7 shows the magnitude of the Fourier-transformed EXAFS at the Pt L 3 edge of the Pt nanoparticles on different supports at 300, 700, and 300 c K in a He environment. The peak positions correspond to the atomic shell distances from the Pt atom. However, these are approximately 0.3 Å shorter than the true distances because the phase shift of the photoelectrons has not yet been counted. The EXAFS data from Pt/SiO 2 in Fig. 7a showed that the first peak intensities near 1.7 Å are weak, whereas the second and third peaks near 2.5 Å are quite strong when compared to those of the other samples in Fig. 7b , c. At 700 K, a decrease in the peak intensities from three samples might be a result of changes in the local structural properties-including thermal vibration, coordination numbers, and structural disorder-relative to those at 300 K. At 300 c K, the first peak intensity of Pt/SiO 2 is only half that of the initial intensity at 300 K, whereas the second and third peak intensities are nearly fully recovered to their initial levels. The first, second, and third peaks in Fig. 7a correspond to the Pt-O and Pt-Pt bonds in Pt/SiO 2 , respectively. The peak intensity reduction of the first peak at 300 c K, as compared to that at the initial 300 K, can therefore be related to a decrease in the oxygen coordination number, although an extra disorder in the Pt-O bonds at 300 c K could also contribute to the intensity change. EXAFS at Pt L 3 edge from Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 powders in a He gas at different temperatures are shown in Fig. 7b , c, respectively. EXAFS from both specimens shows the strong first peak and the weak second and third peaks. The weak second and third peak intensities indicate a small coordination number of Pt atoms and/or a large structural disorder of Pt-Pt bonds. This strongly suggests high dispersion of Pt nanoparticles on TiO 2 -SiO 2 and ZrO 2 -SiO 2 supports. This agrees well with previous TEM results [12, 19] . The intensity reduction at 700 K could be due to the changes of oxygen coordination numbers and thermal vibrations. At 300 c K, the first peak intensities in Fig. 7b , c decrease, compared to those at the initial 300 K. This is similar to that in Fig. 7a . However, the second peak intensities from the Pt/TiO 2 -SiO 2 and the Pt/ZrO 2 -SiO 2 specimens did not recover at 300 c K. This is different from that of Pt/SiO 2 shown in Fig. 7a . The comparison of EXAFS data at 300 and 300 c K from the Pt/ TiO 2 -SiO 2 and the Pt/ZrO 2 -SiO 2 specimens strongly suggest local structural changes around Pt atoms for heating and cooling the specimens.
In H 2 at 300 K, the EXAFS results for Pt/SiO 2 show a weak oxygen peak at *1.7 Å and strong Pt peaks at *2.5 Å , whereas strong oxygen peaks are observed for Pt/ TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 , as shown in Fig. 8a-c . At 300 K, the weak intensities of the Pt peaks at *2.5 Å from Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 indicate there are no strong Pt-Pt bonds, implying a high dispersion of Pt on the supports. At 700 K under H 2 gas the oxygen peak intensities of the three specimens dramatically decrease as a result of the reduction. Weak but clear Pt peaks from Pt/ TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 are observed at 700 K. The quantitative local structural properties around the Pt atoms in the Pt nanoparticles are determined by fitting the EXAFS data to the theoretical EXAFS calculations [27] , as shown in Fig. 8a-c . In the model fitting to the EXAFS data, variations can be observed in the bond length, Debye-Waller factor (r 2 , including thermal vibration and static disorder), coordination number, and E 0 . The EXAFS data in r = 1.2-3.7 Å were fitted with 7 and 10 fitting variables for Pt/SiO 2 and Pt/TiO 2 -SiO 2 (and Pt/ZrO 2 -SiO 2 ), respectively. The number of independent data point of ca. 15.5 in the r-space which was obtained by Stern's rule [26] , N I = (2DkDr)/ p ? 2 = (2 9 8.5 9 2.5)/p ? 2, was used in the fits. The fit is initialized with a mixed model containing a facecentered-cubic phased Pt structure and an amorphous PtO structure. With the mixed model, we obtain a satisfactory fit for the EXAFS data at the Pt L 3 -edge from the Pt/SiO 2 , as shown in Fig. 8a . Since there is a high correlation between r 2 and the coordination number, a k-weight fit is used to reduce the correlation [28] . For the k-weight fits, three k-weights of k 1 , k 2 , and k 3 were used. EXAFS data were fitted by varying the Debye-Waller factor of an atomic pair at each k-weight as a function of the coordination number. Based on the EXAFS theory [22] [23] [24] , it is expected that the Debye-Waller factor of an atomic pair linearly increases near a true coordination number, as the coordination number increases. The slopes of DebyeWaller factor lines obtained by the best fits as a function of the coordination number differ depending on the k-weight. The Debye-Waller factor lines obtained with different k-weights intersect at a common point. The coordination number and the Debye-Waller factor were determined at the common point [28] . At a high temperature, or in a highly-disordered system, the anharmonic distribution of the atomic pair distance often affects the bond lengths of the atomic pairs in the EXAFS data fit [29] . For the EXAFS data of the Pt nanoparticles on the three different supports, a third cumulant is employed to account for the anharmonic effect of the bond lengths. However, the contribution of a third cumulant is inconclusive and excluded in the EXAFS data fits for the specimens. Table 1 summarizes the EX-AFS fit results for the Pt/SiO 2 powder.
The fits show that a Pt atom in the Pt/SiO 2 at 300 K under He gas has a mean oxygen coordination number of *1.2. However, the oxygen coordination number decreases to 0.4 as the temperature increases to 700 K, and it is maintained at that value when cooled to 300 c K. In H 2 gas, the oxygen coordination number is dropped to *0.5 at 300 K and is reduced to *0.3 at 700 K and 300 c K. When O 2 gas flows into the cell at 700 K, the oxygen coordination number of the Pt nanoparticles on SiO 2 immediately increases to 0.7 and finally settles at 1.1 at 300 c K. The oxygen coordination numbers of the Pt nanoparticles on the SiO 2 supports that were determined via EXAFS during the Pt redox process are consistent with the XANES results shown in Fig. 2d . The EXAFSs of the Pt peaks at *2.5 Å at 300 K indicate that the Pt coordination numbers are 8.4 and 11.2 under He and H 2 , respectively. The variation in the Pt coordination numbers depending on gas environment might be attributed to the non-uniformity of the particle size that results from the poor dispersion, or it is due to sample-to-sample variation since a fresh sample was used for each gas type. At 300 K the bond length and the Debye-Waller factor for the Pt-Pt pairs are quite similar to those of Pt foil. At 300 c K, the bond length and the coordination number of the Pt-Pt pairs in Pt/SiO 2 are quite similar to those at 700 K, independent of the gas environment, strongly suggesting that the Pt nanoparticles on SiO 2 supports have a similar crystalline structure to that of Pt foil. Based on the Pt coordination numbers determined N is the coordination number, N Top is the oxygen coordination number of a Pt atom in the top Pt layer, d is the distance, and r 2 is the DebyeWaller factor (S 0 2 = 0.86, this value was determined by fitting the EXAFS data from a Pt foil and using it for the other fits). The number in parenthesis denotes the error of the last digit 300 c indicates that the measurement was done at 300 K after cycling to 700 K through EXAFS for Pt/SiO 2 , the mean size of the Pt nanoparticles was estimated to be *2.5 nm using a model given by Graaf et al. [30] . The TEM measurements indicate that the mean size of the Pt particles was *4 nm [12] . A particle size determined by TEM is a mean diameter of projected images whereas a particle size with a model calculation using a Pt-Pt coordination number is based on spherical shape nanoparticles. Thus, a TEM particle size can be the same as that determined by a spherical model calculation with the coordination number for only the spherical nanoparticles. The discrepancy in the size of the Pt nanoparticles between the EXAFS and TEM measurements suggests that the Pt metal clusters on the SiO 2 supports may have a plate-hemispherical shape rather than a spherical one, as suggested in previous studies [30, 31] . In the He gas, a Pt atom on a SiO 2 support had initially only one oxygen neighbor. It is noted that XAFS detects the mean coordination number, and only Pt atoms at the outmost surface of the hemispherical Pt nanoparticles on the SiO 2 supports are likely to have oxygen chemisorption because the bond length and the coordination number of the Pt-Pt pairs indicates that no oxygen atoms exist inside the Pt clusters, as compared to those in a Pt foil. Figure 9a shows the schematics of oxidized and reduced Pt nanoparticles on SiO 2 and metal-oxide supports. The redox and shape of Pt nanoparticles on the metal-oxide supports are discussed later. A surface-to-volume ratio for a hemispherical particle can be obtained with a modified-spherical model calculation [32] . Figure 9b shows the schematic of a hemispherical particle on a support. The surface-to-volume ratio of a hemisphere with the radius R, the surface-layer thickness D, and the height H can be described, as
, where V S and V T are the surface-layer and the total volumes of the hemisphere, respectively. For a hemisphere, H = R, 3 : TEM showed the mean radius of Pt nanoparticles on SiO 2 supports, R = 20 Å and EXAFS determined the bond length 2.764 Å of Pt-Pt pairs in Pt nanoparticles on SiO 2 supports. The bond length is nearly identical to that of a Pt foil, indicating that the Pt nanoparticles has a face-centered-cubic structure, as shown in Fig. 9a . The surface-layer thickness of D = 2.257 Å is estimated using the Pt-Pt bond length of 2:764Å Â ffiffiffiffiffiffiffi ffi 2=3 p . Fig. 9 Fig. 10 Representative EXAFS data and the best fits. EXAFS of a Pt/ TiO 2 -SiO 2 and b Pt/ZrO 2 -SiO 2 , respectively in a He environment at 300 and 700 K. The data were fitted with and without Pt-Ti or Pt-Zr bonds Local Structural Properties of Redox Pt Nanoparticles 979
With R = 20 Å and D = 2.257 Å , the surface-to-volume ratio is estimated to be *0.43. The oxygen coordination number of a Pt atom at the Pt bottom layer bonded to the support might be different from that at the Pt top layer exposed to air. The oxygen coordination of a Pt atom at the bottom layer can be estimated by EXAFS measurements at H 2 and 700 K, because only the Pt atoms at the bottom layer will bond with oxygen (or Si) atoms on SiO 2 supports at a fully-reduced condition. The Pt-O/Si bonds at the bottom layer of Pt nanoparticles at the reduced condition will be the same as that at the oxidized condition. Using the hemispherical model,
, with R = 20 Å and D = 2.257 Å , the ratio of the bottom-layer volume to the total volume of Pt nanoparticles is estimated to be 0.17. The ratio indicates that a Pt atom at the bottom layer of the Pt nanoparticles directly bonds with approximately one oxygen or Si atom (0.2/0.17) on SiO 2 supports. The EX-AFS resolution is insufficient to distinguish between oxygen and silicon atoms. Based on the surface-to-volume ratios and the oxygen coordination numbers, the oxygen coordination of a Pt atom at the top layer is predicted to be *4 oxygen atoms, (1.2-0.2)/(0.43-0.17). With the same manner, the oxygen coordination number (N Top ) of a Pt atom at the Pt top layer is estimated and summarized in Table 1 . The oxygen coordination number in O 2 at 300 c K is nearly the same as that at the initial condition in He at 300 K. Figure 10a , b show EXAFS from the Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 specimens, respectively at 300 K. For the EXAFS data from the Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 specimens, the fits were initiated with the same structural model and the same variables as used in the fits for Pt/SiO 2 . The representative data and the best fits are shown in Fig. 10a, b , and the Pt-O bond model fits well to the first peak observed at 1.7 Å , whereas we could not obtain a satisfactory fit for the second and the third peaks within 2.2-3.7 Å (dashed-blue lines), for both specimens of Pt/ TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 using only the Pt-Pt bond model. When the second and the third peaks were fitted with a mixture model of Pt-Pt and Pt-Ti (or Pt-Zr) bonds, the fits were considerably improved (solid-red lines), and the results of the best fits are summarized in Table 2 . In the fits of the Pt/TiO 2 -SiO 2 specimen, the contribution of multiple scattering paths including Pt-O-Pt, Pt-O-O, and Pt-Pt-Pt pairs was examined. However, the fits in the region of 2.2-3.7 Å were hardly improved with the multiple scattering paths because EXAFS was contributed by not only the path length (atomic distance) but also the backscattering amplitude and phase shift (species of element) of photoelectrons. Furthermore, the Pt nanoparticles N is the coordination number, d is the distance, and r 2 is the Debye-Waller factor (S 0 2 = 0.86, this value was determined by fitting the EXAFS data from a Pt foil and using it for the other fits). The number in parenthesis denotes the error of the last digit (7) were nearly amorphous and had a large Debye-Waller factor of Pt-Pt pairs. This means that the correlation of the multiple scatterings of photoelectrons was considerably weaker, when compared with that of a single scattering path. The multiple scattering paths were therefore excluded in the final fits. The same approach was applied to Pt/ZrO 2 -SiO 2 .
In He, a Pt atom within Pt nanoparticles on both TiO 2 -SiO 2 and ZrO 2 -SiO 2 initially have bonds with approximately five oxygen atoms. As the temperature increases to 700 K, the oxygen coordination number of a Pt atom for Pt/ TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 decreases to 3-4 for both specimens, and the same values are maintained as the temperature decreases to 300 c K. In a H 2 gas, a Pt atom initially has oxygen coordination numbers of 4-5 in both samples. The oxygen coordination numbers are reduced to nearly zero at 700 K, and this result indicates that most of the Pt atoms are directly bonded with either Ti or Zr ions instead of oxygen ions of the supports. After both specimens are completely reduced at 700 K in H 2 , O 2 gas flows into the cell at 700 K. The oxygen coordination numbers increase immediately to *4.3 for both samples and do not change as they are cooled to 300 c K in O 2 gas. The oxygen coordination numbers of Pt atoms in Pt/TiO 2 -SiO 2 and Pt/ ZrO 2 -SiO 2 at different gas environments that are determined via EXAFS are consistent with the XANES results. The local structural properties, including the coordination numbers, bond lengths, and Debye-Waller factors determined via EXAFS, are more reliable than those obtained via XANES. The XANES spectra are affected by not only local structural properties but also by local density of states, whereas EXAFS is determined only by local structural properties.
EXAFS fits demonstrated that the bond length of the Pt-O pairs for both TiO 2 -SiO 2 and ZrO 2 -SiO 2 samples remains at a constant value of approximately 2.0 Å during the redox process of the Pt nanoparticles, indicating the presence of a direct and stable Pt-O bond. The r 2 value of the Pt-O pairs for both samples was initially of *0.003 Å 2 in He and H 2 and increased to *0.007 Å 2 , as the temperature increases to 700 K. The increase in r 2 at 700 K might be a result of the temperature effect and/or structural disorder because r 2 is a result of thermal vibration and static disorder. At 300 c K under oxygen gas, a large r 2 value of the Pt-O pairs indicates there is an extra-static disorder, compared to that in other systems. This implies that the oxygen chemisorption on the Pt nanoparticles could result in a greater structural disorder at a high temperature than at room temperature. A Pt atom in Pt/TiO 2 -SiO 2 has approximately seven Pt and three Ti atoms as second neighbors, while these are respectively ca. four Pt and three Zr atoms in Pt/ZrO 2 -SiO 2 . The Pt coordination numbers are comparable to those of highly dispersed Pt nanoparticles on carbon and Al 2 O 3 supports [31, 33] . The Pt coordination numbers are nearly independent of the gas conditions in the entire temperature range of 300-700 K. A small number of Pt coordination for both samples strongly suggests that no large Pt metal particles formed on either the TiO 2 -SiO 2 or the ZrO 2 -SiO 2 supports. This is consistent with previous reports [1, 5, 12, 19] . Initially, the bond length of the Pt-Pt pairs for both Pt/ TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 are approximately 3.08 Å , which is larger by *0.3 Å than that of a Pt foil or Pt metal clusters [31] . The extended bond length further evidences that the Pt nanoparticles for both samples do not have a face-centered-cubic symmetry. The bond lengths of Pt-O, Pt-Pt and Pt-Ti pairs in Pt/TiO 2 -SiO 2 remain nearly constant during the heating and cooling processes except the Pt-Pt pairs in a H 2 gas at 700 K. This implies that Pt atoms directly bond with Ti atoms in Pt/TiO 2 -SiO 2 supports and that the Pt-Ti bonding force is greater than the thermal fluctuation of Pt atoms on the TiO 2 -SiO 2 surface in the temperature range of 300-700 K except that in a H 2 gas at 700 K. In a reducing condition, the bond length of the PtPt pairs in Pt/TiO 2 -SiO 2 decreased relative to their initial bond lengths at 300 K. The shrunken bond length of Pt-Pt pairs in Pt/ZrO 2 -SiO 2 was also observed, as temperature increased, but in both He and H 2 . The bond-length change in the Pt nanoparticles can be related to the changes in the TiO 2 and the ZrO 2 surfaces as well as in the Pt nanoparticles at high temperatures [1, 9] . It is worth noting that TiO 2 in the supports has an anatase symmetry with the Ti chemical valance state of 4
? determined by XAFS measurements from the Pt/TiO 2 -SiO 2 specimen at Ti K edge, although Ti atoms at the surface of the TiO 2 supports might have a different chemical valance state. The constant bond length of Pt-Zr pairs in Pt/ZrO 2 -SiO 2 supports was also observed in the temperature range of 300-700 K, implying the direct bond of Pt-Zr pairs. The bond lengths of the PtTi and Pt-Zr pairs in Pt/TiO 2 -SiO 2 and in Pt/ZrO 2 -SiO 2 are of approximately 3.15 and 2.90 Å , respectively. The measured bond lengths are comparable to the estimated bond lengths of 2.83 and 2.96 Å when using the covalent radii of 1.36, 1.47, and 1.60 Å , respectively, for Pt, Ti, and Zr. The bond lengths suggest that the Pt atoms are directly bonded to the Ti and Zr atoms in the supports. The coordination numbers of the Ti and Zr atoms are approximately two, as shown in Table 2 .
At 300 K under He and H 2 gases, the r 2 value of the PtPt pairs in Pt/TiO 2 -SiO 2 is approximately three times larger than those of Pt-Pt pairs in Pt/ZrO 2 -SiO 2 and in a Pt foil. This result implies that additional structural disorder exists in the Pt-Pt pairs on Pt/TiO 2 -SiO 2 as compared to that on Pt/ZrO 2 -SiO 2 . When the temperature increases to 700 K, the r 2 values of most of the Pt-Pt pairs in Pt/ZrO 2 -SiO 2 increase under different gas environments. The r values do not change much while cooling from 700 to 300 K. This result therefore indicates that the structural disorder of the Pt-Pt pairs occurs at higher temperatures, and it further evidences that Pt atoms move on the surface of the supports at higher temperatures. This result is consistent with the bond length changes for the Pt-Pt pairs at different temperatures. The Debye-Waller factors (r 2 ) of the Pt-Pt, Pt-Ti, and Pt-Zr pairs in Pt/TiO 2 -SiO 2 and Pt/ ZrO 2 -SiO 2 increase when temperature increases for both He and H 2 gases. When the specimens are cooled to 300 c K, the Debye-Waller factors are still much larger than those of the initial values. At 300 and 300 c K, the atomic thermal vibration is expected to be the same, and the increased Debye-Waller factors are further evidence of the bonding changes of the Pt-Pt, Pt-Ti, and Pt-Zr pairs at high temperatures.
The XAFS at the Pt L 3 -edge from the Pt/SiO 2 , Pt/TiO 2 -SiO 2 , and Pt/ZrO 2 -SiO 2 thus demonstrated that the local structural properties, including the bond lengths, bondlength distributions (r 2 s), and coordination numbers around the Pt atom, depend on the supporting materials. At a fully reduced condition of the Pt nanoparticles at 700 K in a H 2 environment, the Pt atoms on the three different supports have an oxygen coordination number of only *0.3. The small number of oxygen coordinates probably originates from the supports, meaning there are no adsorbed oxygen atoms on the top surface of the Pt nanoparticles at 700 K [1] . XANES demonstrated that the Pt nanoparticles on the three different supports start to be reduced at around 520 K in a He environment, as shown in Figs. 2d, 4d and 5d. However, the oxygen coordination number of Pt nanoparticles is nearly constant in O 2 within a temperature range of 300-700 K. In H 2 , the Pt nanoparticles are quickly reduced at room temperature and no oxygen neighbors are observed above 520 K. In diesel engine exhaust containing excess oxygen, it is expected that the oxidation state of the Pt nanoparticles could be similar to that of the Pt catalysts studied in the present study under O 2 gas. The EXAFS results demonstrate that the local structural properties of the Pt nanoparticles did not change much with respect to a change of the gas environments within a temperature range of 300-700 K.
The present EXAFS study revealed that the Pt nanoparticles on the TiO 2 -SiO 2 and ZrO 2 -SiO 2 supports were initially dispersed well, whereas Pt formed hemispherical clusters on SiO 2 -only supports. The constant Pt coordination number of a Pt atom in Pt nanoparticles on TiO 2 -SiO 2 and ZrO 2 -TiO 2 supports indicates that the dispersion and the shape of Pt nanoparticles on the supports did not change much under different gas conditions within a temperature range of 300-700 K. The mean bond length of PtPt pairs on the both metal-oxide supports is approximately 3.1 Å which is larger by *0.3 Å than that of a Pt bulk. The elongated bond length of the Pt-Pt pairs on TiO 2 -SiO 2 and ZrO 2 -SiO 2 might be a result of the structural strains from the supports due to the distance of the Ti-Ti pairs in an anatase phased TiO 2 being *3.07 Å . The large amount of bond-length distortion of the Pt-Pt pairs on the metal-oxide supports strongly suggests that most of the Pt atoms directly bond with the supports, forming a pancake shape, as schematically suggested in Fig. 9a . At 700 K, the Pt-Pt bond length, particularly, on ZrO 2 -SiO 2 supports, was considerably shrunken and became even shorter than that of a Pt bulk. Based on the mean bond lengths and the Pt coordination numbers at 300 and 700 K, we concluded that Pt atoms slightly move toward each other due to the thermal fluctuation of Pt atoms on the metal-oxide support surface at 700 K, maintaining the pancake shape. These results indicate that the Pt atoms are directly dispersed over the Ti or Zr ions at the metal-oxide support surfaces, and this finding is direct evidence of the SMSI suggested in other studies [1] [2] [3] [4] [5] [6] .
The Debye-Waller factors of Pt-Pt in Pt/TiO 2 -SiO 2 are nearly constant under different gases and at different temperatures, whereas those of the Pt-Ti pairs increase slightly at 700 K, as shown in Table 2 . This suggests that the Pt-Pt pairs have a sufficiently strong bond and that the TiO 2 -SiO 2 supports undergo a structural change, as suggested by Tauster et al. [6] . Previous studies suggested there is a movement of Ti ions surrounding the Pt atoms at 1,073 K [6] . A constant coordination number of Ti ions in Pt/TiO 2 -SiO 2 within the temperature range of 300-700 K indicates that the Ti ions do not move to surround Pt atoms. The thermal fluctuation of Ti and Zr ions near the metaloxide surface at those temperatures might therefore be insufficient to break the Ti-O and the Zr-O bonds. The initial Debye-Waller factors for the Pt-Pt and Pt-Zr in Pt/ ZrO 2 -SiO 2 at 300 K are somewhat different from those in Pt/TiO 2 -SiO 2 . The smaller Debye-Waller factors for these atomic pairs at 300 K indicate that there are lesser structural disorders. The increase in the Debye-Waller factors at 700 K by contract means that slightly less stable bonds of the Pt-Pt and Pt-Zr pairs on ZrO 2 -SiO 2 than on TiO 2 -SiO 2 . The different structural stabilities at high temperatures might explain the conversion differences observed on these two systems [34] . The coordination numbers, bond lengths, and Debye-Waller factors of Pt-O, Pt-Pt, and Ptmetals (i.e., Ti or Zr) in Pt/TiO 2 -SiO 2 and Pt/ZrO 2 -SiO 2 strongly suggest that the Pt atoms form a pancake-shape consisting of two or three Pt layers, as shown in Fig. 8(a) . Using a pancake-shape model with two Pt layers for 25 (10) Pt atoms on TiO 2 -SiO 2 (ZrO 2 -SiO 2 ) supports, the mean diameters and the Pt coordination number of Pt nanoparticles are estimated to be *10.1(9.3) Å and *6.5(4.5), respectively. The estimated diameters are consistent with the results of *1.0 nm from the TEM measurements [12, 19] . The estimated coordination numbers of Pt atoms agree also well with the EXAFS results. The pancake shapes of the Pt nanoparticles on the TiO 2 -SiO 2 supports are similar to hexagonal shapes [5] but different from spherical shapes [31] .
Conclusions
SMSI plays a key role in defining the dispersion and shape of Pt nanoparticles on metal-oxide supports, which can have direct consequences on the performance of these materials commonly found in automotive emission control catalysts. In order to achieve high efficiency and a long lifetime of the Pt-based catalysts used in automotive exhaust gas purification system, understanding the local structural changes of the Pt nanoparticles under exhaust gas conditions is important. The present XAFS study suggests that the Pt nanoparticles on SiO 2 and metal-oxide-modified SiO 2 supports (i.e., TiO 2 -SiO 2 and ZrO 2 -SiO 2 ) have hemispherical and pancake shapes, respectively. Furthermore, the results demonstrate that the Pt atoms on the SiO 2 supports undergo a sufficient thermal fluctuation to form large clusters at 700 K. By contrast, the SMSI via Pt-Ti and Pt-Zr pairs prevents Pt agglomeration on TiO 2 -or ZrO 2 -incorporated SiO 2 supports at 700 K. These results are therefore consistent with prior work which showed significant improvements in the dispersion, stability and catalytic activity in oxidation reactions of Pt catalysts by incorporating TiO 2 or ZrO 2 on the surface of SiO 2 supports [34] . The in situ XAFS measurements under the redox conditions confirmed that Pt nanoparticles on TiO 2 -or ZrO 2 -incorporated SiO 2 supports could be practically used in automotive emission control catalysts or in other industrial applications below 700 K because their dispersion, shape and structural stability do not change significantly.
